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Impaired renal blood flow autoregulation in ischemic acute renal
failure. We used a model of ischemic acute renal failure featuring
normal renal blood flow (RBF) to evaluate the autoregulatory
capability in a preparation having a marked reduction of inulin
clearance (GFR). In 10 dogs, we clamped the renal artery for 90
mm (experimental); 6 dogs, 1 mm only (sham). Approximately 18
hours later, we determined the autoregulatory ability from RBF
responses to renal arterial constriction. GFR of the experimental
dogs was 10 4 mI/mm, significantly lower than GFR in the
sham dogs (43 9mI/mm). RBF in the experimental dogs (189
17 mI/mm) was not significantly different from that in the sham
dogs (206 32). An autoregulation index, ranging from 0.49 to
1.09 (mean 0.690), was significantly larger than was that of sham
dogs, which ranged from zero to 0.23 (mean 0.060). At control
arterial pressures, vascular resistance was comparable in both
groups; however, at reduced arterial pressures below the normal
autoregulatory range, average resistance of the experimental
dogs (0.62 0.12 mm HgI[ml/minl) was significantly greater than
was that of the sham dogs (0.38 0.06mm Hg/[ml/min]). These
studies indicate that a substantial loss of renal hemodynamic re-
sponsiveness follows ischemic injury to the dog even when RBF
is maintained within the normal range. The loss of autoregulatory
capacity associated with a severely attenuated GFR is consistent
with a role for tubular flow in the normal mechanism of autoregu-
lation.
Alteration de l'autoregulation du debit sanguin renal au cours
de l'insuffisance rénale aiguë ischemique. Un modèle
d'insuffisance rénale aigue ischémique a debit sanguin renal
(RBF) normal a été utilisé pour évaluer la capacité d'auto-regu-
lation d'une preparation oü Ia clearance de l'inuline (GFR) était
fortement diminuée. Chez 10 chiens, l'artère rénale a été clam-
pee pendant 90 mi et seulement pendant une minute chez 6
chiens contrôles. Dix-huit heures plus tard, approximativement,
Ia capacité d'autoregulation a été déterminée a partir de Ia ré-
ponse de RBF a Ia constriction de l'artère rénale. GFR chez les
animaux expérimentaux était de 10 4 mllmin, signifi-
cativement inférieur a celui des contrôles (43 9 mI/mm). RBF
chez les animaux expCrimentaux (189 17 mllmin) n'était pas
signilicativement different des contrôles (206 32). Un index
d'autoregulation allant de 0,49 a 1,09 (moyenne 0,690) était
significativement supérieur a celui des contrôles (moyenne 0,060,
variation de 0 a 0,23). Aux pressions artérielles contrôles Ia ré-
sistance vasculaire était comparable dans les deux groupes. Aux
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pressions arténelles inférieures au niveau normal d'autorégulation,
cependant, Ia résistance moyenne du groupe experimental
(0,62 0,12mm Hg/[ml/minl) était significativement plus Clevée
que celle des contrôles (0,38 0,06mm Hg/[ml/minj). Ces rdsul-
tats indiquent qu'une perte importante de réponse hémodyna-
mique rénale est consecutive a l'ischémie même quand RBF est
maintenu dans l'intervalle des valeurs normales. La perte de Ia
capacité d'autorégulation associée a une reduction sévère de
GFR est cohérente avec un role du debit tubulaire dans les
mécanismes normaux de l'autoregulation.
Several investigators have demonstrated that one
experimental model of acute renal failure can be
prepared by complete clamping of the renal artery
for Ito 2 hours. In the dog, this procedure results in
many characteristics of clinical acute renal failure,
including oliguria and severe depression of inulin
clearance [1]. Interestingly, the marked impairment
of renal function can occur coincidentally with the
normal maintenance of total renal blood flow; fur-
thermore, the intrarenal distribution of blood flow is
not altered greatly [1, 2]. Thus, this model is some-
what unique in that it has an apparent marked de-
pression of glomerular filtration without a notable
blood flow reduction, at least at control pressures.
As such, it becomes a physiologically interesting
preparation, because it can be considered a type of
"nonfiltering" or "low-filtering" kidney. More-
over, it would seem to provide an advantage over
previous "nonfiltering" models that have exhibited
a compromised renal blood flow, included a com-
ponent of ureteral obstruction, or required a retro-
grade filling of the tubular or vascular system with
extrinsic material [3—5].
In view of the uncertainty about how hemo-
dynamic factors contribute to the various functional
manifestations of acute renal failure, we wanted to
evaluate further the hemodynamic responsiveness
of this experimental model. One index of intrinsic
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renal vascular function is the capability of the kid-
ney to effect autoregulatory adjustments in vascular
resistance in response to alterations in renal arterial
pressure. One hypothesis for this mechanism of
renal autoregulation requires the integrity of tubular
function [6, 7]. Accordingly, we conducted this
study to assess the overall autoregulatory ability of
this model of acute renal failure as an index of renal
hemodynamic responsiveness. We anticipated that
the unique combination of reduced filtration and
nearly normal renal blood flow might provide some
insight into the participation of the tubular system
in the autoregulatory process.
Methods
Sixteen mongrel dogs (each weighing 29 to 80 lbs)
of both sexes were used in this study. Approximate-
ly 18 hours before the experiment, each animal was
anesthetized i.v. with pentobarbital, 30 mg/kg of
body wt (Diabutal®, Diamond Laboratories, Inc.).
Periodic additional doses were administered as
needed. The left side of each animal was shaved and
prepared with iodine solution. A small flank incision
was made, and the renal artery was exposed by a
retroperitoneal approach. The artery was partially
cleared of surrounding fascia and mechanically
clamped for 90 mm in 10 dogs (experimental group).
In 6 other dogs, clamping was maintained for 60 sec
only and released, but the flank was left exposed for
a full 90 mm. At the end of this 90 mm, the wound
was irrigated with dilute tetracycline, 250 mg in 50
cc of normal saline (Steclin®, E. R. Squibb), and a
four-layer closure was performed. The animals
were allowed to recover overnight with free access
to water.
On the following day, anesthesia was induced i.v.,
as before, with pentobarbital. Each animal was entu-
bated and allowed to breathe spontaneously. The
flank incision was reopened, enlarged, and the in-
tact peritoneum with all its contents was reflected
away from the retroperitoneal space. The renal ar-
tery, renal vein, ureter, and testicular or ovarian
veins were dissected free, and the visible renal
nerves sectioned. An electromagnetic flow trans-
ducer (Carolina Medical Electronics, Inc., King,
North Carolina) was placed around the renal artery
adjacent to the aorta for the measurement of renal
blood flow (RBF). Continuous renal artery blood
pressure (RABP) was monitored by a curved 22-G
needle inserted into the renal artery near the hilus of
the kidney and connected by polyethylene tubing to
a pressure transducer. Clotting of the needle was
avoided by continuous infusion of a heparinized iso-
tonic saline solution (Sage Syringe Pump, model
355, Orion Research Inc., Cambridge, Massachu-
setts) at a rate of 0.2 mi/mm. An adjustable clamp
was placed between the flow transducer and the
renal artery pressure needle to reduce renal artery
pressure. The gonadal vein was cannulated with
PE-90 tubing that was advanced into the renal vein
to collect renal venous samples for the determina-
tion of the inulin extraction ratio. Femoral arterial
pressure was measured by a catheter inserted into
the aorta from the femoral artery and connected to a
Statham pressure transducer (Statham Instruments,
Hato Rey, Puerto Rico). This line also was used to
obtain arterial blood samples. The left ureter was
catherized with PE-205 tubing to allow timed urine
collections.
Following a priming dose of 1.6 mg/kg of body
wt, a constant infusion of 2.5% inulin in saline was
given to maintain the plasma inulin concentration at
0.1 to 0.3 mg/mi. RABP, systemic blood pressure,
and RBF were recorded continuously on a poly-
graph recorder (Grass model SD, Grass Manufac-
turing Co., Quincy, Massachusetts). Timed urine
samples were collected for one or two clearance pe-
riods where urine flow permitted. In one prepara-
tion, urine flow was very low, and femoral arterial
and renal venous blood samples were used for de-
termination of the inulin extraction ratio, calculated
as (A1 — RV1)/A1, where A1 and RV1 are concentra-
tions of inulin in arterial and renal venous blood.
At the end of the clearance periods, the RABP
was reduced in a gradated fashion by the adjustable
clamp around the artery while it was recorded con-
tinuously along with the RBF. Renal function was
then allowed to restablize. Two such pressure-flow
relationships were inscribed for each animal. Then
10 to 30 mm later, isotonic mannitol (10 mi/kg) was
administered, and one or two repeat clearances
were collected. After this, a third pressure-flow
curve was determined in the manner described
above.
Five animals (4 experimental and 1 sham) were
subjected to successive injections of 0.35 ml of 1/
10,000 adrenalin chloride (Parke, Davis & Co.) and
1.0 ml of papaverine hydrochloride (30 mg/mi, Eli
Lilly & Co.) over 20 sec via the renal artery needle.
Vascular responsiveness was assessed from the
changes in RBF from the time of injection until flow
returned to control values.
The conclusion of the experiment followed one of
two paths. In 5 dogs (3 experimental and 2 sham),
the left renal artery was clamped, and the left kid-
ney perfused with 50 cc of normal saline followed
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by 50 cc of gluteraldehyde through the renal artery
needle. The fixed kidney was then removed and
prepared for electron microscopic evaluation. In 11
dogs, the left kidney was removed and weighed.
The electromagnetic flow probe was calibrated in
vivo at the conclusion of the experiment by collect-
ing two to three timed blood samples from the renal
artery into a graduated cylinder.
Plasma and urine concentrations were deter-
mined spectrophotometrically with the Anthrone
colorimetric method. Plasma and urine sodium and
potassium concentrations were measured with a
flame photometer (Instrumentation Lab, Lexing-
ton, Massachusetts). Osmolality was determined by
the vapor-pressure method (Wescor, Inc., Logan,
Utah). Plasma colloid osmotic pressure (COP) was
measured with a membrane osmometer [8].
All results are presented as the means SEM ex-
cept where specifically designated otherwise. Sta-
tistical significance was assessed with Student's t
test for paired and unpaired data, and a P value <
0.05 was considered statistically different. Linear
regression analysis was used where designated. The
autoregulatory index (ART) was calculated by the
equation described by Semple and deWardener [9]
ART
F1 — F2 / P1 — P2
where F1 and P1 are the control RBF and renal arte-
rial pressures, and F2 and P2 are the corresponding
values at reduced arterial pressures. In this study,
80 mm Hg was used as the lower blood pressure
value because it is within the expected range of au-
toregulation [10-14].
Results
Table 1 compares the hemodynamic character-
istics of the experimental and the sham groups of
dogs. GFR and RBF values have been expressed in
milliliters per minute rather than the more normal-
ized milliliters per minute per gram of kidney weight
because the gluteraldehyde fixation process pre-
cluded the prior measurement of kidney weight.
Kidney weights were estimated for these five kid-
neys from regression analysis, and are included in
the mean values presented in Table I. As can be
seen from Table 1, RBF values were quite similar in
both groups. On the other hand, GFR, as measured
by inulin clearance, was significantly reduced as a
result of the 90 mm of ischemia (P < 0.01). The
magnitude of this reduction is more apparent if the
individual inulin clearances of the experimental
dogs are considered. That is, three dogs had clear-
ances of 17.6, 27.2, and 26.1 ml!min, effectively
skewing the mean values upward. GFR in the re-
maining seven animals ranged from 0 to only 5.9 ml!
mm. Because of the very low urine flows in one
dog, GFR was calculated from extraction values.
Mean values for hematocrit and plasma osmolality
did not differ significantly between the experimental
animals and the shams; and kidney weights and dog
weights were also similar. Plasma colloid osmotic
pressure (COP) was slightly higher in the experi-
mental group, as was the hematocrit, indicating a
slight degree of blood volume contraction. Both val-
ues, however, were within the normal range [8].
The excretory capabilities of the two groups are
contrasted in Table 2. Urine flow, osmolar clear-
ance, and negative free water clearance were all sig-
nificantly reduced in the experimental animals (P <
0.05), findings that confirm previous observations
that loss of concentrating ability is an early manifes-
tation of many renal insults [15—17]. The urine-to-
plasma inulin ratio of the experimental animals
seemed somewhat reduced, but the average value
was not significantly different from that of the sham
animals, suggesting the persistence of tubular func-
tion.
Figure 1 presents the arterial pressure and RBF
relationships for each individual experimental dog.
As can be seen, the range of RBF was wide, but the
slopes of the lines representing changes in blood




















Experimental (N 10) 117 4 10 45 189 17 44 2 19 1 294 3 60 4 43 3
Sham(N6) 120±7 43±9 206±32 39± 2 16±1 290± 2 63±6 47± 8
P NS <0.005 NS NS <0.05 NS NS NS
a Abbreviations are: BP, mean blood pressure; GFR, glomerular filtration rate; RBF, renal blood flow; Hct, hematocrit; COP, colloid
osmotic pressure; Posm, plasma osmolality.
Experimental animals underwent clamping of the renal artery for 90 mm on day prior to experiment. Sham animals underwent
clamping of the renal artery for 1 mm on day prior to experiment.
GFR was estimated from inulin clearance; due to very low urine flows, arteriovenous extraction ratios were used in one dog.
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Experimental (N = 10) 0.13 0.05 86 9 100 11 672 134 92 25 0.24 0.08 0.10 0.04
Sham (N = 6) 0.31 0.06 144 24 121 35 1040 212 181 56 0.97 22 0.64 0.20
P <0.05 <0.025 NS NS NS <0.005 <0.010
a Abbreviations are: UF, urine flow; UNa, urinary sodium concentration; UK, urinary potassium concentration; Uosm, urinary os-
molality; U/P inulin, urinary to plasma inulin concentration ratio; Com, osmolar clearance; TH2(), negative free water clearance.
b Experimental group underwent renal artery clamping for 90 mm. Sham group underwent rnal artery clamping for 1 mm.
flow per change in blood pressure were quite simi-
lar. A generally observed failure to autoregulate ef-
ficiently in response to reductions in blood pressure
seemed common to the experimental dogs. The in-
dividual pressure-flow relationships of the six sham
dogs are depicted in Fig. 2. The constancy of blood
flow over the range of renal artery pressures 125 to
70 mm Hg, again despite the wide variation in RBF,
agrees with numerous other demonstrations of nor-
mal autoregulatory capacity [6-7, 9-13, 18]. Thus,
the sham procedure with the 1 mm of clamping ex-
erted no detectable effect on autoregulatory capa-
bility.
A quantitation of the loss of autoregulatory be-
havior in the experimental group was made by using
the autoregulatory index of Semple and deWarden-
er[9].
The index value is inversely related to autoregu-
latory efficiency: a value of I indicates no regulation
whereas values near zero indicate high efficiency
autoregulation. As can be seen in Table 3, in re-
sponse to a decrease in blood pressure from control
to 80 mm Hg, the mean change in flow was much
greater among the experimental animals, and this
was reflected in their composite autoregulatory in-
dex, which was much greater and significantly dif-
ferent from that of the sham animals. In the three
dogs that exhibited higher GFR values, the autoreg-
ulatory index averaged 0.574 0.07. This value
was greater than that observed in the sham dogs but
was lower than the corresponding values of the oth-
er seven experimental dogs (0.742 0.09).
Figure 3 compares the average arterial pressure
and RBF relationship of the experimental animals
with that of the shams. Over the blood pressure
range of 125 to 80 mm Hg, RBF changed only slight-
ly in the sham dogs. This is in contrast to the experi-
mental group, whose mean RBF decreased marked-
ly over the same range. Also of interest in this graph
is a comparison of the portions of the two curves
below the region of normal autoregulation. In this
area below 70 mm Hg, it is generally accepted that
the autoregulatory component of the renal vascular
resistance is maximally dilated, and is at its minimal
resistance. Thus, the slopes (m) of the two lines in
this region represent a comparison of the con-
ductance of the kidney at arterial pressures where
the autoregulatory component is not contributing to
the renal vascular resistance. The experimental
group seems to have a reduced conductance at
these lower arterial pressures. To evaluate this as-
pect quantitatively, the average values for total re-
nal vascular resistance were plotted as a function of
RABP and are shown in Fig. 4. Over the normal
autoregulatory range for the dog, the change in vas-
cular resistance of the experimental animals can be
represented mathematically by a line whose equa-
tion is
y = (8.0 . l05)x + 0.63
with a slope not significantly different from zero
and an r = 7.0 x 1O-. In contrast, the sham ani-
mals showed a progressive reduction in renal vascu-
lar resistance, represented by the line
y = 0.0050x + 0.07
with a slope significantly different from zero at P <
0.025 and r = 0.50. Below the normal autoregu-
lation range, at 60 mm Hg, the resistance values
are significantly different between the two groups of
dogs. These data indicate that ischemic injury re-
sults in elevated resistance values when arterial
pressures are reduced below the autoregulatory
range. Upon reduction in renal artery pressure be-
low 50 mm Hg, renal vascular resistance was pro-
foundly elevated. The reason for this is not apparent
but could be due to elevated renal tissue pressures.
Table 4 presents a comparison of renal functional
indices from seven experimental animals before and
after a 10 ml/kg infusion of an isotonic mannitol so-
lution. GFR actually decreased slightly but not sig-
nificantly as a result of this intervention. Urine flow
improved slightly, but these changes were also not
statistically significant. RBF and the autoregulatory
index were not appreciably altered. The failure of
mannitol to increase urine flow suggests that this
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material may not reach the tubules in substantive
amounts under these experimental conditions. A
similar infusion in the sham animals produced a sig-
nificant increase in urine flow (0.31 to 2.03 mi/mm,
P < 0.001) and a stable GFR, thereby illustrating
that under normal circumstances, this dose of man-
nitol is sufficient to induce an osmotic diuresis.
In an effort to assess the inherent vascular re-
sponsiveness of this experimental model, four dogs
from the experimental group were subjected to in-
jections of adrenalin (0.35 ml of 1/10,000) and pa-
paverine (1 cc of 30 mg/ml) via the renal artery. The
change in RBF as a result of each drug was then
calculated as the percentage of control and is pre-
sented in Table 5. The capacity of ischemic kidneys
to constrict in response to adrenalin was marked,
with a transient, near total cessation of blood flow
occurring in each case. The ability of these kidneys
to vasodilate was also considerable, with a mean in-
crease in RBF of 79% in response to papaverine in-
jection. This magnitude of increased RBF agrees
with the response of normal dogs to intraarterial pa-
paverine reported previously [14].
Discussion
The results of the present study confirm previous
observations that, in the dog, 90 mm of renal is-
Table 3. Summary of various aspects of the pressure-flow relationships of the experimental and the sham groups of dogs





Experimental (N = 10) 0.690 0.07 0.492 to 1.086 117 to 80 41.3 7.2
GFR < 10 mllmin (N = 7) 0.742 0.09 0.482 to 1.086 117 to 80 42.0 10.4
GFR> 10 mI/mm (N = 3) 0.574 0.07 0.496 to 0.711 118 to 80 40.0 3.0
Sham (N = 6) 0.060 0.04 0 to 0.225 129 to 80 3.7 2.4
P <0.001"
a Experimental group underwent renal artery clamping for 90 mm; sham, 1 mm.
h Abbreviations are: AR index, autoregulatory index; BP range, mean blood pressure range, flow, average change in flow per blood
pressure reduction to 80 mm Hg.
Calculated as F,
F,
F, P1 See text for explanation




















25 50 75 100 125
Renal artery pressure, mm Hg
Fig. 1. Individual arterial pressure and renal blood flow relation-
ship for each of the ten experimental (renal artery clamped 90
mm) animals. Note the marked change in blood flow over the
pressure range of 70 to 125 mm Hg.
I I I I
25 50 75 100 125
Renal artery pressure, mm Hg
Fig. 2. Individual arterial pressure and renal blood flow relation-
ships for each of the six sham (renal artery clamped for 1 mm)
animals. Over the blood pressure range of 70 to 125 mm Hg,
renal blood flow is almost constant. The wide range of RBFs
reflects animal size variation from 29 to 80 lbs.
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chemia imposed by clamping the renal artery results
in one type of experimental acute renal failure char-
acterized by a marked depression of inulin clear-
ance and a relative maintenance of RBF within the
normal range. Although this particular finding is
certainly not a common feature of all forms of acute
renal failure or even of ischemic acute renal failure
in other species [15, 16, 19—23], it provides an un-
usual set of circumstances worthy of further evalua-
tion with regard to physiologic as well as patho-
physiologic mechanisms. Only total RBF was mea-
sured in the present study, but it is probable that
glomerular perfusion rates were not reduced [1, 2,
24]. The microsphere studies of Cox et al [24] make
it unlikely that there was "any quantitatively sub-
stantial aglomerular shunt pathway" in their similar
ischemic model. Also, recent studies have demon-
strated that the redistribution of RBF that occurs in
this model of acute renal failure is relatively slight
[2].
It should be acknowledged that the finding of a
marked reduction in inulin clearance in acute renal
failure models does not necessarily mean that there
is a true corresponding decrease in actual GFR [20-
23]. There is, however, some justification for ac-
cepting the notion that the major portion of the re-
duced inulin clearance is due primarily to a true re-
duction in filtration. Several studies have suggested
I I I I I
25 50 75 100 125
Renal artery pressure, mm Hg
Fig. 4. Vascular resistance, the reciprocal of conductance, for
both groups of animals. The resistance of the experimental
group is much greater at almost all levels of blood pressure, and
significantly so at blood pressure levels below the normal autore-
gulatory range.
that tubular backleak of large molecules does not
occur to a major extent in many animal models of
acute renal failure [23, 24]. In the study by Cox et al
[24], there was an indication that glomerular struc-
ture might be altered to a significant enough extent
following renal ischemia to account at least in part
for an attenuated filtration capacity. In a recent
study by Williams et al [2], there was a significant
positive correlation between superficial single neph-
ron GFR and whole kidney inulin clearance, again
indicating that the reduction in inulin clearance re-
flected a true decrease in GFR. Thus, although the
absolute magnitude of the reduction in GFR cannot
be determined with certainty, it can be presumed to
be substantial.
The present study demonstrates that kidneys sub-
jected to 90 mm of ischemia on the day before ex-
perimental procedures exhibit a marked impairment
of RBF autoregulatory capability. This is evidenced
by the individual arterial pressure and RBF rela-


























Renal artery pressure, mm Hg
Fig. 3. Graph of the average arterial pressure and renal blood
flow relationship for the ten experimental animals in relation to
that of the six shams. Note especially the difference in the slope
(m) of the two curves at blood pressures above 75 mm Hg, and
the decreased conductance of the experimental animals at all lev-
els of renal artery pressure.
— Experimental
0•.— Sham
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Before mannitol 0.11 0.06(N=6)
6.9 3.9(N=6) 0.694 0.08(N=7) 190 13(N=7)
AftermannitoV 0.42 0.22(N=6) 4.5 1.9(N=6)
0.660 0.13(N=7) 184 15(N7)
P NS NS NS NS
a Abbreviations are: UF, urine flow; GFR, glornerular filtration rate; AR index, autoregulatory index; RBF, renal blood flow
b Technical difficulties precluded obtaining clearance data in one animal after mannitol infusion. The pressure-flow relationship, how-
ever, could be determined.
Table 5. Vascular response of four experimental dogs (clamped)
to renal arterial injections of papaverine and epinephrinec
Papaverinea Epinephrin&'
Control RBF, mI/mm 144 42 183 27
ChangeinRBF,ml/min +121 29 —170 26
Percent change in RBF +79 25 —93 4
a Papaverine hydrochloride, Eli Lilly (30 mg)
' Adrenalin hydrochloride, Parke-Davis (0.35 ml of 1/10,000)
Average arterial blood pressure in these four dogs was
119 15mm Hg.
cant and substantial increase in the autoregulatory
index that occurred in the clamped kidneys (Table
3). In contrast, the sham dogs exhibited a normal
capability to decrease vascular resistance in re-
sponse to reductions in renal arterial pressure.
Thus, even though RBF values in the experimental
and sham dogs were similar at control arterial pres-
sures, the experimental kidneys had significantly
greater vascular resistances at renal arterial pres-
sures below the autoregulatory range. These data
indicate that the intrinsic renal hemodynamic status
is not "normal" in this model of acute renal failure
and specifically that autoregulatory capability is se-
verely compromised. Inherent renal vascular sensi-
tivity to administration of vasoactive substances
was not detectably impaired, however. The capabil-
ity of the experimental kidneys to vasoconstrict in
response to epinephrine was marked. Also, the ca-
pability of the renal vasculature to vasodilate fol-
lowing papaverine injections was considerable. It
seems that a primary or major defect in the vascular
contractile elements was not responsible for the im-
pairment of autoregulatory capability.
The involvement of several intrarenal abnormal-
ities might be used to explain these experimental
findings. Frega et a! [25] have demonstrated that
cellular edema appears in the kidney within 1 hour
after ischemic insult, and persists, at least in the
corticomedullary region, for more than 24 hours.
Such swelling may well have contributed to the
marked impairment in inulin clearance and the in-
creased renal vascular resistance at arterial pres-
sures below the autoregulatory range as found in
our study. It seems unlikely that cell swelling di-
rectly caused the loss of autoregulatory capacity,
however, because total RBF was not reduced, and
vascular responsiveness to vasoactive agents was
still present.
A second possibility to explain our findings is that
regional blood-flow shifts from cortex to medulla in
response to ischemia, as demonstrated by some in-
vestigators [26, 27], may have resulted in the ob-
served decrease in autoregulatory efficiency.
Against this supposition is the fact that microsphere
studies with this same model have revealed only
slight decreases in outer cortical blood flow [2].
Even if one considers that this shift was substantial,
the findings by Grangsjo and Wolgast [28] that au-
toregulatory capacity is approximately equal in cor-
tical and medullary portions of the kidney would in-
dicate that a simple redistribution of RBF could not
readily account for the impairment of autoregula-
tion. Another possible explanation is that ischemic
injury results in two populations of nephrons, one
group defunct and the other group functioning nor-
mally or above normal. The major evidence against
this view is that one would not expect the finding of
near-normal renal vascular resistance at control ar-
terial pressures if one half of the conducting vessels
were nonfunctioning. Furthermore, the remaining
normal nephrons would be expected to exhibit nor-
mal autoregulatory behavior.
Although it is obvious that conclusions con-
cerning mechanisms cannot be definite because is-
chemia probably induces widespread, variable dam-
age to all renal elements, a final mechanism is sug-
gested because it is compatible with the intriguing
possibility that the macula densa-distal tubule feed-
back system might play a role in renal autoregula-
tion [6, 7, 11]. In this case, a reduced GFR and an
associated reduction in flow to the distal nephron,
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or an impairment of the "receptor system" that
transmits feedback signals from the tubular ele-
ments to the vascular elements, should elicit a vaso-
dilation similar to the hyperemia observed in nor-
mal animals following release of the renal artery
clamp [2, 30]. The finding of near-normal RBF val-
ues in our experimental animals suggests the contri-
bution of offsetting effects: feedback-mediated
vasodilation and increased passive vascular resis-
tance due to cell swelling and endothelial damage
[15, 25]. The latter would result in increased resis-
tance even at renal arterial pressures below the au-
toregulatory range, a finding observed in the pres-
ent study. It should be emphasized that the re-
sponse of other intrarenal systems, especially those
vasoactive in nature, to either ischemia or de-
creased GFR, and thus their contribution to the ob-
served impairment of autoregulation, cannot be
adequately evaluated with the experimental design
of the present study. Regardless of the precise
mechanism involved, however, it would seem that
the kidney responds to the ischemic episode by uti-
lizing its "autoregulatory reserve" to maintain RBF
and counteract the influence of other factors that
contribute to an increase in either active or passive
vascular resistance.
It was hoped that the infusion of mannitol as part
of the experimental protocol would help to reestab-
lish tubular flow and perhaps lead to an improve-
ment of renal autoregulatory behavior. Mannitol,
however, did not exert appreciable effects on urine
flow and actually reduced GFR further; presum-
ably, it was unable to enter the tubules to a signifi-
cant extent. Perhaps the administration of this agent
prior to the ischemic episode, as suggested by
Burke et al [31], might lead to a different type of
response or might prevent the reduction in autoreg-
ulatory efficiency.
Previous studies using "nonfiltering" kidneys
have failed to clearly establish that autoregulatory
capacity is impaired. The "nonfiltering" kidney
used by Blame et al [4, 32], prepared by combined
renal ischemia (2 hours) and ureteral ligation, has
been used primarily to demonstrate baroreceptor
system involvement in the control of renin release.
This procedure results in marked impairment in
RBF to values approximately one half of normal,
and in view of the severe impairment in renal hemo-
dynamics, it would seem that this model is not par-
ticularly appropriate to evaluate autoregulatory re-
sponses. Sadowski and Wocial [3] also reported the
use of a "nonfiltering" kidney prepared by retro-
grade in situ filling of the tubular network with oil.
Although it was suggested that autoregulation was
maintained in the oil-blocked kidneys, there was a
rather marked impairment of renal blood flow all-
toregulation, and the autoregulatory index values
for the oil-blocked kidneys varied from 0.50 to 0.64.
In one series reported, an average decrease in renal
perfusion pressure of :29% (119 to 84 mm Hg) result-
ed in an average decrease in RPF of 23%. Aizawa
and Waugh [5] reported that isolated dog and rat
kidneys perfused with oxygenated paraffin oil failed
to exhibit autoregulatory behavior. The present
data can not be directly compared to previous stud-
ies because most of these did not emphasize the
maintenance of RBF within the normal range. Nev-
ertheless, there do not seem to be any published re-
ports that are clearly at variance with the present
observations. In fact, these previous studies togeth-
er with the data presented in this report provide
added support to the hypothesis that the mainte-
nance of normal tubular flow dynamics is requisite
for the manifestation of normal autoregulatory be-
havior.
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